Shell-model calculations in a large model space are performed for ⌳ 16 O and ⌳ 17 O. Effective interactions with degrees of freedom of ⌺ in addition to ⌳ and nucleons are derived from hyperon-nucleon and nucleon-nucleon interactions within the framework of the unitary-model-operator approach. Effects of the ⌺ degrees of freedom and the parity-mixing intershell coupling on the ⌳ hypernuclear structure are investigated, employing the Nijmegen NSC97a-f and NSC89 hyperon-nucleon potentials.
I. INTRODUCTION
One of the challenging problems in theoretical studies of ⌳ hypernuclei is to describe their properties, starting from hyperon-nucleon (Y N) and nucleon-nucleon (NN) interactions given in free space. The nuclear shell-model approach would be one of the promising methods for this problem over a wide range of mass numbers of ⌳ hypernuclei. In shell-model calculations, however, we need to introduce an effective interaction because of a limited dimension of a shell-model space.
Microscopic derivation of an effective interaction for nuclear shell-model calculations is a fundamental problem for a deeper understanding of nuclei. The G matrix has often been introduced as an approximate effective interaction, taking into account the state dependence, the medium effect, and the Pauli-blocking effect in a nucleus. Hao et al. per- formed the shell-model calculation for ⌳
16
O, deriving the ⌳N G matrix for a finite system ͓1͔. Afterward, Tzeng et al. have developed their approach to the effective ⌳N interaction by calculating core polarization diagrams and folded diagrams ͓2͔ in addition to the bare G matrix ͓3͔. They have also proposed the two-frequency shell model by introducing different frequencies of the harmonic-oscillator ͑h.o.͒ wave functions in order to describe different spreads of the wave functions of ⌳ and nucleons ͓4͔.
As for the treatment of the ⌳ wave function, Motoba has discussed that the mixing of higher nodal h.o. basis functions is needed for the description of the weekly bound 0p states of ⌳ in the study of ⌳
O together with ⌳
17
O ͓5,6͔, using the YNG interaction proposed by Bandō and Yamamoto ͓7͔.
The ⌳
16
O is a representative hypernucleus for which experimental data are comparatively accumulated. Furthermore, a high-resolution ␥-ray spectroscopy experiment for ⌳
O has been performed at BNL ͓8͔. Useful information on fine structures reflecting the properties of the underlying Y N interactions should be obtained. In such a situation, it is of highly interest to examine to what extent the Y N interactions proposed up to now reproduce experimental data on the ⌳ hypernuclear structure. For this reason, the importance of accurate derivation of the effective interaction for the shellmodel calculation has been growing.
In our previous works ͓9,10͔, we have proposed a method for a microscopic description of ⌳ hypernuclei within the framework of the unitary-model-operator approach ͑UMOA͒ ͓11͔. The UMOA is a many-body theory that leads to an energy independent and Hermitian effective interaction which possesses the decoupling property ͓12͔ between two states in a model space and an excluded one. An effective Hamiltonian is given by a unitary transformation of an original Hamiltonian. We here note that this type of effective interaction has been used in recent accurate calculations for light nuclei, for example, the no-core shell model ͓13͔ and the method of the effective-interaction hyperspherical harmonics ͓14͔.
We applied the UMOA to the calculations of ⌳ singleparticle energies in ⌳
17
O and ⌳
41
Ca ͓10͔, using Y N interactions given by the Nijmegen ͓15,16͔ and the Jülich ͓17͔ groups. Some reasonable results were obtained, such as the small spin-orbit splitting of ⌳ ͓18͔ compared with those in nuclei though the calculated energies considerably depend on the Y N interactions employed. It was also confirmed that the mixing of higher nodal h.o. basis states was important for the description of the ⌳ wave function.
In this work, we try to perform shell-model calculations for ⌳
16
O in addition to ⌳
17
O. In the shell-model calculations for ⌳ hypernuclei made so far, the effects of the ⌺N channel have been treated as renormalization into a ⌳N effective interaction in many cases. The ⌺ degrees of freedom have not been treated explicitly in the shell-model calculations. Therefore, it is interesting to derive an effective Y N interaction which includes not only the ⌳N channel but also the ⌺N one, and to apply such an effective interaction to shellmodel calculations for ⌳ hypernuclei. Another difference of our approach from the usual shell-model calculations is that we do not employ the experimental single-particle energies of nucleons. Instead, we use the calculated single-particle *Electronic address: sfujii@postman.riken.go.jp energies of nucleons which are determined with the effective NN interactions. We also use the single-particle energies of ⌳ and ⌺ determined in a similar way. This paper is organized as follows. In Sec. II, the procedure for the shell-model calculation is given. The calculated results for ⌳
16
O using the Nijmegen soft-core 97 ͑NSC97͒ ͓16͔ and NSC89 ͓15͔ potentials are shown in Sec. III. Finally, concluding remarks are made in Sec. IV.
II. CALCULATION METHOD

A. Effective Hamiltonian
We first consider a Hamiltonian of a hypernuclear system consisting of nucleons and one ⌳ ͑or ⌺). It may be written in the second-quantization form as
Since the exponent S in Eq. ͑2͒ is a two-body operator, the one-body parts in H are unchanged and given by
The terms u k for kϭN and Y are the auxiliary single-particle potentials of a nucleon and a hyperon, respectively, and at this stage they are arbitrary. The quantities ṽ kl for ͕kl͖ ϭ͕N 1 N 2 ͖ and ͕Y N͖ are the transformed two-body interactions for the NN and Y N systems, and they are given by
In nuclear many-body problems, it is important how to choose the auxiliary potential u k . We introduce u N and u Y as self-consistent potentials defined with the transformed twobody interactions ṽ N 1 N 2 and ṽ Y N as
where F is the uppermost occupied level, and the symbol indicates an occupied state for nucleons. If u N and u Y are defined as given in Eqs. ͑13͒ and ͑14͒, it can be proved that the second and fourth terms on the right-hand side of Eq. ͑8͒ are canceled by the contributions of the bubble diagrams of the first and third terms, respectively. Therefore, the cluster terms H (1) and H (2) include only the one-and two-body operators, respectively, if we write them in the normalproduct form with respect to particles and holes ͓11͔.
The transformed Hamiltonian H contains, in general, three-or-more-body transformed interactions, even if the starting Hamiltonian H in Eq. ͑1͒ does not include three-ormore-body interactions. In the previous paper ͓10͔, a method of evaluating the three-body cluster ͑TBC͒ effect has been presented for the calculation of ⌳ single-particle energies. The TBC terms are generated as the transformed three-body interactions among the Y NN and NNN systems, and they contain generally two factors of the correlation operator S kl for ͕kl͖ϭ͕N 1 N 2 ͖ and ͕Y N͖. It has been verified that the matrix elements of the correlation operator are quite small, and thus the TBC contributions to the ⌳ single-particle energies are considerably smaller than the contributions from the one-and two-body cluster terms. The TBC contributions to the ⌳ single-particle energies in ⌳
17
O were found to be at most 4% of the ⌳ potential energy. Therefore, we assume that the TBC terms do not have significant effects on the energy levels in ⌳
16
O, and the three-or-more-body effective interactions are not included in the present calculation. The model space of the Y N channel P ⌳N ϩ P ⌺N and its complement Q ⌳N ϩQ ⌺N are defined with boundary numbers ⌳ and ⌺ as
and
Note that the numbers ⌳ and ⌺ are zero or positive integers. In Fig. 1 , the model space and its complement are shown. The Y N states in the space Q ⌳N (X) ϩQ ⌺N (X) specified by the numbers ⌳ , ⌺ , F , and X in Fig. 1 should be excluded due to the Pauli principle for nucleons, and defined as
The number F denotes the highest occupied orbit in the core nucleus and is taken as F ϭ1 in the present case of
O. The value of X should be chosen as large as possible so as to exclude the Y N states in the Pauli-blocked Q Y N (X) space. In the present calculation, we take as X ϭ12. The values of ⌳ and ⌺ , in principle, should be taken as a large value so that the results become independent of ⌳ and ⌺ . As for ⌳ , we take as ⌳ ϭ8 which has been shown to be sufficiently large in the previous work ͓9͔. The ⌺ dependence of calculated energy levels in ⌳
17
16
O will be discussed in detail in Sec. III.
The effective interaction ṽ Y N in Eq. ͑12͒ is determined by solving the decoupling equation in Eq. ͑15͒ between the model space P Y N ϭ P ⌳N ϩ P ⌺N and the space Q Y N ϭ(Q ⌳N ϪQ ⌳N (X) )ϩ(Q ⌺N ϪQ ⌺N (X) ). The detailed procedure for solving the decoupling equation has been given in Ref. ͓9͔.
C. Shell-model diagonalization
We proceed to discuss the calculation procedure for the shell-model diagonalization. The shell-model spaces we adopt are given by
for ⌳
17
O and
is the creation operator of a ⌳ (⌺), and a † and b † are the creation operators of a particle and a hole, respectively, for nucleons. The state ͉ 0 ͘ is the unperturbed ground state of the core nucleus which is the particlehole vacuum satisfying a͉ 0 ͘ϭb͉ 0 ͘ϭ0. 
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In general, the transformed Hamiltonian H in Eq. ͑2͒ includes three-or-more-body effective interactions. In the present calculation, as mentioned before, we neglect the many-body effective interactions, and take the one-and twobody parts in H . In this approximation, the direct coupling of
O does not occur anymore. This is because the operator S N 1 N 2 in Eq. ͑4͒ is determined so that the transformed Hamiltonian does not contain interactions inducing two-particle-two-hole (2p-2h) excitations in the ground state of the core nucleus ͓11͔. The same discussion applies to the direct coupling of
O. On these considerations, we take only the shell-model spaces as in Eqs. ͑22͒ and ͑23͒ in which the effective Hamiltonian is diagonalized.
It should be noted that since we diagonalize the unitarily transformed Hamiltonian H in Eq. ͑2͒, a true eigenstate of the original Hamiltonian H can be given by a transformed state. That is to say, an eigenstate of H denoted by ͉⌿ k ͘ is given by e S ͉ k ͘, where ͉ k ͘ is an eigenstate of the transformed Hamiltonian H . The correlated ground state of the core nucleus ͉⌽ 0 ͘ is related to the unperturbed shell-model ground state ͉ 0 ͘ as ͉⌽ 0 ͘ϭe S ͉ 0 ͘. In general, ͉⌽ 0 ͘ contains 2p-2h, 4p-4h, and higher-order particle-hole components through the unitary transformation e S with the twobody correlation operator S. In a similar way, the transformed state ͉⌿ k ͘ contains many-particle-many-hole components consistently with the correlations in the ground state of the core nucleus.
We here want to discuss the ⌳-⌺ coupling three-body force of which effect has been pointed out by Tzeng et al. ͓3, 4͔ . In the present shell-model calculation we neglect the transformed three-or-more-body interactions, but this does not mean to neglect the ⌳-⌺ three-body force. In our approach the ⌺N-⌳N coupling terms remain in the transformed Hamiltonian, if we include the ⌺N states in the Y N model space. Therefore, the ⌺N-⌳N coupling is evaluated as configuration mixing of ⌺-nucleons states into ⌳-nucleons ones.
In shell-model calculations, spurious states caused by the center-of-mass ͑c.m.͒ motion often mix with physical states. In the present case, the 1p-1h spurious 1 Ϫ (Tϭ0) state in 16 O affects low-lying physical states, especially, the 3/2 Ϫ (T ϭ0) and 1/2 Ϫ (Tϭ0) states in ⌳
17
O ͓19͔. In order to remove the spurious c.m. state, we add the following term
to the effective Hamiltonian, and then the Hamiltonian is diagonalized. We take as ␤ϭ3ប in Eq. ͑24͒ with the h.o. frequency ប, and we eliminate the spurious 1 Ϫ state from the low-lying states under consideration.
As for the value of ប, we take as បϭ14 MeV because the result tends to the saturation minimum of the binding energy in 16 O at close this value ͓20͔. We employ the same value 14 MeV for ប of the hyperons ⌳ and ⌺. In general, the spreads of the wave functions of the hyperons and nucleons are different from each other. If one tries to describe the states of the hyperons and nucleons using the h.o. wave functions, one may choose the different frequencies as done in the two-frequency shell model ͓4͔. In the present work, however, we take the values of ប commonly for the hyperons and nucleons, because the final result in the shell-model calculation should be, in principle, independent of ប if we take a sufficiently large model space in the calculation.
Since we diagonalize the effective Hamiltonian in the space of the particle-hole states, we should remove unlinkeddiagram contributions in a suitable way. In our approach, nondiagonal matrix elements of the one-body part of the nucleon remain in the effective Hamiltonian, which induces the 1 p-1h excitation and causes the unlinked-diagram effect. In order to remove the unlinked terms, we calculate separately the correlation energy E c of the core nucleus in the space of ͉ 0 ͘ a † b † ͉ 0 ͘. We then subtract E c from the eigenvalue E SM of the shell-model effective Hamiltonian. In the case of ⌳ 17 O, the value of E SM ϪE c corresponds to the binding energy of ⌳ measured from the 16 Oϩ⌳ threshold.
III. RESULTS AND DISCUSSION
We performed calculations employing the Nijmegen softcore 97 ͑NSC97͒ ͓16͔ and NSC89 ͓15͔ potentials for the Y N interaction. As for the NN interaction, we choose the Paris ͓21͔ potential. All the interaction matrix elements of the Hamiltonian in Eq. ͑2͒ are derived from these bare interactions within the framework of the UMOA. In these calculations we do not introduce any adjustable parameters and experimental values such as single-particle energies of ⌳, ⌺, and nucleons. This sort of microscopic calculation would be worthy of revealing the states of the present Y N interactions. cluding the effect of core polarization. One can see that the results for both potentials are stable for the change of the values of ⌺ , and almost the same as the results for ''⌳N.'' The ⌳N means that the ⌺N channel is not included in the model space. This suggests that the effects of the ⌺N channel into the ⌳N effective interaction can be well renormalized. It has been confirmed that this tendency of the convergence is also observed for the other NSC97 models.
In Table I , we tabulate the calculated energy levels in ⌳
17
O with the values of the ⌳ spin-orbit splitting for the NSC97a-f potentials. In this table the values for ⌺ ϭ5 are presented as the sets of convergent results in this study, and we also list the values in parentheses which are the results for ⌳N for reference. The results show that the energies for the NSC97c are the most attractive in the NSC97 models, on the other hand, those for the NSC97f are the least attractive. This trend is also seen in the calculation for nuclear matter as in Ref. ͓16͔. We also see that the ⌳ spin-orbit splittings become larger from the NSC97a to NSC97f . Recently, the magnitude of the ⌳ spin-orbit splitting in ⌳ 13 C has been established experimentally as ⌬E ls ( ⌳ 13 C)ϭE(1/2 Ϫ )ϪE(3/2 Ϫ ) ϭ152Ϯ54(stat)Ϯ36(syst) keV ͓18͔. Our results of the ⌳ spin-orbit splitting in ⌳
O for the NSC97 models may considerably larger than the value suggested from the experimental result of ⌳ 13 C. We note here that the present results in Table I agree well with those obtained in the previous work ͓10͔ in which the calculation was made perturbatively. We may say that both methods, the shell-model diagonalization and the perturbative method, are workable in the calculation of the ⌳ singleparticle energies in ⌳ hypernuclei which have the simple structure. In the following section, we shall proceed to study a more complex system, namely, ⌳
16
O by the shell-model diagonalization. lated results in order to compare our results with the experimental spectrum. The mass difference is computed by the shell-model diagonalization in the space of the 1h ϩ(1p-2h) configuration, using the nucleon parts of the effective Hamiltonian in Eq. ͑2͒.
B. Structure of
In Fig. 3 , we show the ⌺ dependence of the calculated energies for low-lying states in ⌳
16
O for the NSC97d and NSC97f . One can see that the energy levels of the negative parity states become slightly more attractive as the value of ⌺ becomes larger. We may say, however, that the splittings of the ground-stated doublet (0 1 Ϫ ,1 1 Ϫ ) hardly change, and thus almost convergent results are obtained. On the other hand, in the first-excited doublet (1 2 Ϫ ,2 1 Ϫ ), the splittings become slightly smaller as ⌺ increases. These trends have also been observed in the results for the other NSC97 models.
There are some arguments that the splittings of the spin doublets (J Ͼ,Ͻ ϭJ core Ϯs 1/2 ⌳ ) in ⌳ hypernuclei depend on the spin-dependent ⌳N interactions, such as the spin-spin and tensor interactions ͓16,22͔. In addition, the ⌺N-⌳N coupling may affect not only the magnitude of the splittings but also the ordering of the levels for the spin doublets. In fact, the inversion of levels appears, in Fig. 3 , as seen in the results of the first-excited doublet (1 2 Ϫ ,2 1 Ϫ ) for the NSC97f at ⌺ ϭ1 and 2 though the splitting energies are very small. 
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Tzeng et al. have shown that the 1 Ϫ states for both of the doublets become more attractive compared to the other spin partners if they take into account the effect of the ⌳-⌺ coupling three-body force ͓4͔. In our approach, the effect of the ⌳-⌺ three-body force is automatically taken into account when we include the ⌺N channel in the model space, as discussed before. In our results the trend of the ⌳-⌺ threebody effect on the first-excited doublet agrees with the results by them, but that on the ground-state doublet does not necessarily agree for the NSC97f .
We should say, however, that the ⌳-⌺ three-body effect on the energy levels may appear more clearly if we use a Y N potential which has a strong ⌺N-⌳N interaction such as the NSC89 potential. As a matter of fact, both splittings of the doublets become larger as ⌺ increases, if we use the NSC89. For example, the splitting energies of the groundstate doublet are 0.17 and 0.61 MeV, respectively, for the cases of ⌳N and ⌺ ϭ5, and those of the first-excited doublet, 0.26 and 0.81 MeV. We note here that both of the 1 Ϫ states are always more attractive than the other spin partners for the NSC89 regardless of the values of ⌺ , which is a different feature from the results for the NSC97 models. Our results of the two doublets for the NSC89 agree fairly well with their results ͓4͔.
In Table II , the calculated energies of the low-lying states for ⌺ ϭ5 are tabulated for the NSC97a-f potentials. The results for ⌳N are also shown in parentheses for reference. Smooth variation of the splittings of the ground and firstexcited doublets with negative parity is observed when we change the Y N potentials from the NSC97a to NSC97f . It may be considered that this variation is a reflection of the different strengths of the spin-dependent interactions originated from the variation of the magnetic F/(FϩD) ratio ␣ V m for the vector mesons in the NSC97a-f ͓16͔. The gradual change can be also seen in the ⌳ spin-orbit splitting in ⌳ 17 O as shown in Table I . We note that the 1 1 Ϫ state of the groundstate doublet lies in energy above the 0 1 Ϫ state for the NSC97a-f . In the E930 experiment at BNL, two ␥ transitions from the 1 2 Ϫ state to the ground-state doublet (0 1 Ϫ ,1 1 Ϫ ) are expected to be observed ͓8͔. From these the magnitude of the splitting of the ground-state doublet should be established. Our results might help to constrain parameters such as ␣ V m for the NSC97 models in determining Y N interactions.
As for the positive parity states, one can see that the calculated results have very weak dependence on ⌺ for the NSC97d and NSC97f in Fig. 3 . It has been confirmed that similar tendency is observed for the other NSC97 models. In Table II , the calculated energies of the positive-and negative-parity states have been tabulated for the NSC97a-f potentials. In Fig. 4 , we also show the calculated energy levels using the NSC97a-f and NSC89 potentials for ⌺ ϭ5 together with the experimental levels.
An interesting O. We found that the inversion of the levels in our results was caused mainly by the parity-mixing intershell coupling in 1ប excitation as discussed by Motoba ͓5͔. As a unique feature of the structure of ⌳ hypernuclei, negative-and positive-parity nuclear core states can couple in the same energy region through a transition of ⌳ states such as the 0 p 1/2 ⌳ state to the 0s 1/2 ⌳ state. In other words, even if the 1p-1h excitation of nuclear core pushes its energy up by about 1ប, the energy can be compensated by the transition of ⌳ states in 1ប energy region. In our calculation using the NSC97f and the Paris potentials, the 0 1 ϩ state does not have the simple ͓0 p 1/2 ⌳ ,0p 1/2 Ϫ1 ͔ configuration, but a rather complex structure, as illustrated in Table III . We see that the probability for the last configuration that includes the positive-parity core-excited state is the same order of magnitude as that for the first configuration that includes the negative-parity state of the core nucleus.
As for the 2 1 ϩ state, however, such a strong effect of the parity-mixing intershell coupling does not appear. The dominant configuration is only ͓0 p 3/2 ⌳ ,0p 1/2 Ϫ1 ͔ which is the natural configuration with the lowest unperturbed energy. It should be noted that the 2 1 ϩ state cannot be constructed from the configurations including the 0s 1/2 ⌳ state in the space of the 1⌳-1h configuration. The ͓0s 1/2 ⌳ ,0s 1/2 Ϫ1 ͔ configuration can couple with the p-h excited configuration ͓0s 1/2 ⌳ ,0d 5/2 ,0p 3/2 Ϫ1 ,0p 1/2 Ϫ1 ͔ through the NN effective interaction to construct the 0 1 ϩ state. Thus, the energies of the 0 1 ϩ and 2 1 ϩ states are dependent on the adopted NN interaction as well as the Y N interaction. The same discussion on the parity-mixing intershell coupling as the 0 1 ϩ state applies to the 1 1 ϩ state as we see from Table III . Although the paritymixing intershell coupling also affects the 2 1 ϩ state, the effect is considerably smaller than the 0 1 ϩ and 1 1 ϩ states. Therefore, we conclude that the parity-mixing intershell coupling strongly affects special states such as the 0 1 ϩ and 1 1 ϩ states with the help of the NN effective interaction.
Concerning the comparison with the experimental levels, we may say that the calculated results of the excitation spectra from the ground state agree well with the experimental values, on the whole, as shown in Fig. 4 . The relative energy between the lowest two levels in the experimental data corresponds to the spin-orbit splitting energy of the nucleon. Our results of the splitting between the lowest two bunched levels show a good agreement with the corresponding experimental values. These splittings of the calculated results are obtained, reflecting the property of the adopted NN interaction which is the Paris potential in the present study.
In the present shell-model calculations, we do not employ the experimental single-particle energies of ⌳, ⌺, and nucleons. The results thus obtained show directly the differences in properties between the Y N interactions. In general, the effective Y N and NN interactions are derived dependently on the single-particle energies of ⌳, ⌺, and nucleons. These single-particle energies are determined by both of the spindependent and spin-independent interactions. In this context, our results reflect not only the spin-dependent interaction but also the spin-independent one of the free Y N and NN interactions.
We here make some comments on the results obtained by Tzeng et al. ͓4, 24͔ . It seems that our results of ⌳
16
O considerably differ from their results at first sight. As a matter of fact, the dependence of the calculated energy levels in the absolute value on the Y N interactions is different from each other. This is mainly because of the difference of the treatment of the single-particle energies. In their method, a com- SHELL-MODEL CALCULATIONS FOR ⌳mon set of the semiempirical single-particle energies is employed in the calculations using various Y N interactions. Therefore, there are considerable differences in the absolute values of the energy levels between their and our results. However, as far as we are concerned with the excitation spectra, especially the splittings of the two doublets with negative parity, our results of ⌳
O for the NSC97a-f and NSC89 potentials are consistent, on the whole, with the results obtained by them. As a general feature, our results of the splittings of the two doublets show a little smaller values than their results.
We move to the discussion on the dependence of the calculated results on the Y N interactions. In our results of the ground-state doublet in ⌳
O, the result for the NSC97c is the most attractive in the NSC97 models, and that for the NSC97f is the least attractive. One may consider that this tendency is not consistent with results of ⌳ 4 He in a recent calculation ͓25͔. In that study, the binding energy of the ground 0 ϩ state for the NSC97f is the most attractive, and the result for the NSC97d is the least attractive. Results for the NSC97a-c potentials have not been given in their paper. This question of the inconsistency can be solved by analyzing matrix elements of our ⌳N effective interaction.
In Fig. 5 , some of the representative matrix elements of the renormalized ⌳N effective interaction for the NSC97 models are shown. We see that the matrix elements vary almost linearly from the NSC97a to NSC97f . In the shellmodel language, the dominant contribution of the matrix element to the ground 0 ϩ state in ⌳ 4 He should be ͗0s 1/2 0s 1/2 ͉ṽ ⌳N ͉0s 1/2 0s 1/2 ͘ Jϭ0 , namely, the spin-singlet s-wave interaction. This matrix element for the NSC97f is the most attractive in the NSC97 models as seen in Fig. 5 O, the other matrix elements in Fig. 5 are important. These matrix elements include effects of the p-wave interaction in addition to the s-wave one. The p-wave interaction also contributes to the ⌳ single-particle energy for the 0s 1/2 state, and thus the structure of ⌳
O becomes more complex than ⌳ 4 He. As a result, the energies for the NSC97c are the most attractive in the NSC97 models in ⌳
O. It may be considered that the study of ⌳
O is useful to investigate properties of higher partial-wave interactions such as the p-wave interaction.
Finally, we move back to the discussion on the comparison of our results and the experimental values. Roughly speaking, the experimental energy levels lie between the two results for the NSC97f and NSC89 potentials. As we mentioned before, however, effects of the many-body effective interaction are not included in the present calculation. In the previous study, the effect of the three-body cluster ͑TBC͒ terms on the ⌳ single-particle energy in ⌳
17
O was investigated ͓10͔. It was confirmed that the TBC terms caused a repulsive contribution of about 1 MeV to the ⌳ singleparticle energy for the 0s 1/2 state in ⌳
O for the NSC97f . This suggests that the TBC effect shifts the energy levels of the negative-parity states in ⌳
16
O repulsively to the same extent, if we take into account this effect in the present study. Thus, the NSC97f potential might be favorable in the NSC97 models for the calculation for ⌳ 16 O.
IV. CONCLUDING REMARKS
Shell-model calculations for ⌳
17
16
O in a large model space have been performed. By introducing a new model space including ⌺N states, we have calculated effective interactions which include the ⌺N-⌳N coupling terms. As far as we know, the degrees of freedom of ⌺ in addition to ⌳ and nucleons have been explicitly introduced in the shellmodel calculations for the first time. The effective interactions and the single-particle energies employed in the shellmodel calculations have been microscopically derived from the NSC97a -f and NSC89 Y N interactions and the Paris NN interaction within the framework of the UMOA.
It has been confirmed that the results of the present shellmodel diagonalization for ⌳
17
O with the NSC97a-f potentials agree well with those of our previous study in which the calculation was performed perturbatively. The ⌳ spin-orbit splitting energies obtained are 0.44 -0.95 MeV for the NSC97a -NSC97f . These values seem to be considerably larger than the value suggested from the experimental result of ⌳
13
C which has been established recently. It has been found that a drastic change in the structure of 
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Effects of the parity-mixing intershell coupling on 1ប excited states have been investigated. It has been found that the parity-mixing intershell coupling plays an important role in the structure of the 0 1 ϩ and 1 1 ϩ states in ⌳
16
O with the help of the NN effective interaction. As a result, the 0 1 ϩ and 1 1 ϩ states have complex structures. On the other hand, the paritymixing intershell coupling on the 2 1 ϩ state is less active than the 0 1 ϩ and 1 1 ϩ states. In conclusion, the present shell-model results, especially, the excitation spectra have shown a good agreement with the experimental levels on the whole, even though our calculation method is fully microscopic and does not include any experimental values and adjustable parameters. The experimental levels are between the two results for the NSC97f and NSC89. In the near future, some fine structures of ⌳ hypernuclei reflecting the properties of the underlying Y N interaction would be revealed experimentally. We hope that our method will help to bridge between the Y N interaction and the ⌳ hypernuclear structure microscopically, and give useful constraint to determine Y N interactions more realistically.
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APPENDIX: MATRIX ELEMENTS OF ⌳N EFFECTIVE INTERACTIONS
In Table IV , we tabulate representative matrix elements of the renormalized ⌳N effective interactions for the NSC97a-f potentials for reference. The ⌳N means that the ⌺N channel is not included in the model space in determining the ⌳N effective interactions. The results using these potentials are tabulated in parentheses in Tables I and II , and shown in Figs. 2 and 3 . The matrix elements in the 0s and 0 p shells are given.
